A reversible nerve-blocking spin label, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) was used to study the nature of anesthetic-binding sites in nerve membranes as a function of pressure. The nerve-blocking effect of TEMPO is enhanced under pressure. At atmospheric pressure, TEMPO blocks nerve conduction by solubilizing in the apolar region of the nerve membrane. However, the nerve-conduction-block by TEMPO at 150 atm of helium was related to the binding of TEMPO to a pressure-induced high-affinity polar site in the nerve membrane. The new TEMPO-binding site could not be detected in lipid model membranes and, thus, the involvement of membrane protein in the new site was inferred. Pressure may induce a nerve membrane conformation change in the presence of TEMPO.
effect of TEMPO is enhanced under pressure. At atmospheric pressure, TEMPO blocks nerve conduction by solubilizing in the apolar region of the nerve membrane. However, the nerve-conduction-block by TEMPO at 150 atm of helium was related to the binding of TEMPO to a pressure-induced high-affinity polar site in the nerve membrane. The new TEMPO-binding site could not be detected in lipid model membranes and, thus, the involvement of membrane protein in the new site was inferred. Pressure may induce a nerve membrane conformation change in the presence of TEMPO. The observation that under different pressure, a single anesthetic, i.e., TEMPO, was capable of blocking nerve conduction by binding to two different sites within the nerve membrane, supports the view that there are multiple anesthetic receptor sites, which differ in chemical composition and location within the nerve membrane. These sites, when occupied by different classes of anesthetics, produce the general phenomenon of nerve-conduction block. The enhancement of nerve-conduction block by pressure may be due to the increased concentration of TEMPO in the new site in the nerve membrane under pressure.
One of the major unsolved problems in the molecular pharmacology of anesthesia is the mechanism by which nerve conduction is blocked by anesthetics. In order to understand the mechanism of anesthesia, it is useful to give a general definition of an anesthetic as "a drug which reversibly blocks the action potential of the nerve." Thus it is possible to compare the mechanism of action of a wide variety of nerve-blocking drugs such as tranquilizers, anticonvulsants, antihistamines, steroids, antiarrythmics, narcotics, vasodilators, and sedatives (1).
The general correlation of anesthetic potency to the nonaqueous/aqueous partition coefficient supports the classical idea that the membrane anesthetic interaction is hydrophobic (1 Biochemistry: Hsia and Boggs under pressure, we now have a unique opportunity to examine the pressure effect on the behavior of TEMPO in nerve membranes. The specific advantage of using a spin-label anesthetic is that the paramagnetic resonance of a nitroxide spin label depends on its motion and on the polarity of the solvent (7) . Under ideal conditions the resonance peaks due to the distribution of the spin label in two or more environments can be resolved (8, 9) . Thus, the use of water-soluble, lipophilic spin labels permits the simultaneous determination of the distribution and motional characteristics of the spin label in a biological membrane and the polarity of the membrane-binding sites.
By monitoring the distribution and environment of TEMPO in nerve and model membranes as a function of pressure, we show: (a) at atmospheric pressure, blocking of the nerve action potential is related to the solubilization of TEMPO in the apolar region of the nerve membrane; (b) pressure has no significant effect on the TEMPO concentration in the apolar region of nerve and lipid model membranes; (c) however, in hydrated nerve and synaptosomes, pressure reversibly induces a redistribution of TEMPO from the aqueous phase to a high-affinity polar site in the membrane, and if free TEMPO in the aqueous phase is limited, TEMPO migrates from the apolar site to the new site.
A Proc. Nat. Acad. Sci. USA 70 (1973) MATERIALS AND METHODS 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO), melting point 36.50, was prepared as described (10) . Egg phosphatidylcholine was purchased from Pierce Chemical Co. Cholesterol was recrystallized in methanol, melting point 148.5°. All chemicals used are reagent grade. A thick-walled cylindrical quartz cell (outer diameter 8 mm, inner diameter 0.8 mm) and high-pressure system were constructed by Drs. S. A. Boggs and J. MacTaggart, Dept. of Physics, University of Toronto. A helium tank (99.9%) containing 2200 lb./inch2 was from Matheson of Canada, Ltd.
Lipid dispersions containing various amounts of cholesterol were prepared by hand dispersion of 5-10 mg of lipid in 0.1 ml of 6.4 mM TEMPO in Ringer's solution. Rat-brain synnaptosomal membranes were a gift from M. Chou-Wong and P. Seeman. Rat phrenic nerve was freshly dissected from a decapitated rat and immediately transferred to Ringer's solution. Frog sciatic nerve was freshly dissected and desheathed. Spin labeling was achieved by equilibrating the membranes and phrenic nerve preparation in 6.4 mM TEMPO in Ringer's solution, while 13 mM TEMPO was used for frog sciatic nerve. A stainless steel wire and hypodermic needle were used to transfer the nerve and membrane suspensions, respectively, to the high pressure cell. TEMPO was reduced by the phrenic nerve membrane under aerobic conditions, but when the oxygen was displaced by nitrogen or helium it was reoxidized. When the signal intensity had stabilized, the spectra were recorded. The pressure effect on the electron spin resonance (ESR) spectra was recorded at least three times to ensure reproducibility and reversibility of the results. All ESR spectra were recorded on a Varian X-band E-6 ESR spectrometer. Constant temperature of the sample was maintained by passing a stream of air through the ESR cavity at ambient temperature. Spectral subtraction in Fig. 1 was done with the use of a Fabri-Tek model 1072 instrument computer.
RESULTS
Resonance Spectra of TEMPO in Lipid Model Membrane. Fig. 1A shows the resonance spectrum of TEMPO in Ringer's solution. The resonance spectrum of TEMPO in egg phosphatidylcholine vesicles shown in Fig. 1B is similar to that observed by Hubbell and McConnell (8) . Hyperfine lines a and b are each part of the separate three-line spectra due to TEMPO in the apolar region of the phospholipid vesicles and the surrounding aqueous phase, respectively. The resonance spectrum of TEMPO in egg phosphatidylcholine (Fig. 1C) was resolved by subtracting an equivalent concentration of free TEMPO in the aqueous phase (Fig. 1A) Similar resonance spectra of TEMPO bound to lipid phase could be obtained by equilibrating an orientated lipid multibilayer film with TEMPO, draining and partially drying with a stream of N2. Due to rapid isotropic motion of TEMPO, its resonance spectrum was orientation independent. The isotropic splitting a0 and shift in go for egg phosphatidylcholine with and without cholesterol are compared to these values in octanol and hexane in Table 1 . TEMPO in phosphatidylcholine-cholesterol experiences a more apolar environment similar to that in hexane, although this is not reflected by a downfield shift in go.
Resonance Spectra of TEMPO in Nerve and Synaptosomal Membranes. The resonance spectrum of TEMPO in rat phrenic nerve equilibrated with 6.4 mM TEMPO in anaerobic Ringer's solution with excess aqueous phase removed is shown in Fig. 2A When nerve membrane was studied in the presence of excess free TEMIPO inl the surrounding aqueous phase, 150 atm of helium had no detectable effect onl peak a (spectrum not showni). This observation is consistent with the results shown in Fig. 3 .., i.e., pressure has an insignificant effect on the colt entration of TEMPO in the apolar region of the nerve membrane. Contrary to the effect on phospholipid vesicles (Fig. 3A) , pressure caused a significant decrease in the height of peak b. It will be clear from the discussion below that the decrease in height of peak b is due to the absorption of free TEMPO from the aqueous phase into the nerve membrane.
When free TEAMPO in the aqueous phase was limited or the volume of Ringer's solution is small, where both peaks a and b are resolved as shown in Fig. 3B 
